We have characterized the messenger RNAs (mRNAs) coding for procollagen al(I), elastin, fibronectin, and actin in the lungs of Syrian golden hamsters by Northern blot analyses. While elastin, fibronectin, and ,B-actin were each coded for by a single mRNA species of 4.1 kilobases (kb), 9.1 kb, and 2.1 kb in size, respectively, we identified a major (5.4 kb) and a minor (6.5 kb) procollagen al(I) mRNA species in the hamster lungs.
Introduction
Diffuse interstitial pulmonary fibrosis is a chronic condition characterized by reduced lung capacity and severely diminished gas exchange (1) . Underlying these manifestations are major anatomical changes, the most prominent of which is progressive thickening of alveolar walls that contain large numbers of inflammatory cells and fibroblasts. In addition to changes in the cellular composition, there are also characteristic changes in the composition of extracellular matrix (2) ; increased net synthesis and/or deposition of interstitial collagens (3) (4) (5) (6) (7) , elastin (8, 9) , and proteoglycans (10, 11, 12) in the lungs have been reported in experimentally induced pulmonary fibrosis. There are several reports of an increased collagen content of fibrotic lungs in humans (2, 13, 14) ; a recent study also reported increased levels of fibronectin in the bronchoalveolar lavage fluid ofhuman lungs from patients suffering from idiopathic pulmonary fibrosis (15) . The exact relationship between altered extracellular matrix and concomitant changes in the cellular composition in the lungs undergoing fibrosis is unclear. In addition to providing a structural role, extracellular matrix may directly influence cellular gene expression and may mediate the cell interaction in the tissues (2) and, therefore, may be responsible for characteristic changes in the histology that accompany interstitial pulmonary fibrosis.
The changes in the various components of extracellular matrix during pulmonary fibrosis have been studied in considerable detail. However, the precise mechanism(s) that lead to increased deposition of extracellular matrix are far from clear. The polypeptide components of extracellular matrix could be potentially regulated at a number oftranscriptional and posttranscriptional steps (2) . Therefore, a necessary prerequisite to fully understand the altered metabolism ofvarious components ofthe extracellular matrix would be to analyze the contribution of individual regulatory steps mediating the synthesis and degradation of these polypeptides. The primary objective of the present study was to outline the profiles of accumulation of messenger RNAs (mRNAs)' coding for three important constituents of extracellular matrix, namely type I collagen, elastin, and fibronectin. These changes in the accumulation of mRNAs for specific polypeptide components of extracellular matrix were analyzed in relation to overall mRNA metabolism; the latter was monitored by measuring the accumulation of cytoplasmic f3-actin mRNA, a ubiquitous eukaryotic mRNA. Using radiolabeled recombinant DNA probes, sequential changes in the metabolism of individual mRNA species were analyzed in the lungs of hamsters after a single dose of endotracheal instillation of bleomycin.
Methods
Bleomycin treatment and tissue preparation. 10-wk-old Syrian golden hamsters were treated with bleomycin (Bristol Laboratories Div., BristolMyers, Co., Syracuse, NY) by intratracheal instillation (1.0 U/lung in 0.5 ml ofsaline). The lungs ofcontrol age-matched animals were similarly instilled with saline solution. At different days, between I and 42 d after bleomycin instillation, hamsters were anesthesized with 0.1 ml of Nembutal (50 mg/ml) and lungs were dissected free of large bronchii and blood vessels. Lung tissue was minced with sterile scalpel and known aliquots were separated for various biochemical parameters as described below.
Determination ofrates ofprotein synthesis and totalprotein and DNA content. Essentially, the detailed protocols described by Clark and colleagues (3) were followed with minor modifications to evaluate noncollagenous and collagenous protein synthesis. Tissue minces (200 mg) were incubated in 5.0 ml of Dulbecco's modified Eagle's medium (DME) containing 10% fetal calf serum, penicillin (200 U/ml), Streptomycin (200 mg/ml), P-aminopropionitril (80 ,tg/ml), and ascorbate (50 ,ug/ml).
After 1 h of incubation at 370C in a shaker, medium was replaced with fresh 5.0 ml DME containing 25 ,Ci of [3Hjproline or [35S]methionine and incubation continued for another 4 h. At the end ofthe incubation, tissue was taken up in 2.0 ml of 0.5 M acetic acid and homogenized; IOOjs-aliquots were frozen in liquid N2 for determination oftotal DNA and protein contents. The remaining sample was processed as described earlier (16) and was hydrolyzed with 6 N HCl; [3H]proline and
[3H]hydroxyproline contents were determined by the protocols described in detail previously (16) . Determination of total protein was done by the modified Lowry procedure (17) and DNA content was measured according to Burton (18 Northern blot and dot blot analysis of mRNAs. Poly A' mRNA (ranging from 1 to 10 ug) was denatured in 50% formamide and electrophoresed in 1% agarose gels containing 2.2 M formaldehyde. After electrophoresis, RNA was transferred to nitrocellulose paper without prior treatment, baked at 80°C under vacuum, and either stored under vacuum or immediately subjected to prehybridization (16, 22) . The prehybridization and hybridization protocols were essentially as described previously (16 Runofftranscription. Previously published techniques (16, 25) with minor modifications were used for the isolation of nuclei, in vitro transcription, and subsequent determination of the rates of transcription of hybridization. Nuclei from control or bleomycin-treated lungs were either used immediately after isolation or stored at -70'C in 25% glycerol, 60 mM KC1, 15 mM Tris-HCl, pH 7.5. To start transcription, nuclei (100-150Mig of DNA) were incubated in a I00-Mul reaction mix that contained 10% glycerol, 50 mM Tris-HCl, pH 8.0, 5 mM MgCl2, 1 mM each of ATP, GTP, and CTP, and 250 MCi of [a-32P]UTP at 250C for 30 min.
Under these conditions, the [a-32P]UTP showed a linear incorporation for -25-30 min, after which, in some cases, there was an actual decline in the TCA-precipitable radioactivity. An identical aliquot of nuclei was also incubated with a-amanitin (80 MtM) to determine the specificity of RNA polymerase II mediated transcription. Radiolabeled RNA was extracted and hybridized to DNA immobilized on nitrocellulose filters. In each case, 5 Mg of linearized, alkali-denatured, plasmid DNA was immobilized on nitrocellulose filter disks (0.5-cm diameter). For determining nonspecific background, 5 Mg of bacteriophage X charon 4A DNA was hybridized to radiolabeled run-off transcripts. Conditions for the preparation of nitrocellulose filters, prehybridization, hybridization at 420C, and washing have been described previously (16) . Since hybridization for more than 24 h did not result in increased signal intensity, we believe that the maximum hybridization was achieved under these conditions. Preparation of recombinant DNA probes. For type I procollagen mRNA analyses, we used plasmid HF677, a recombinant clone containing 1.8 kb complement of human a l(I), procollagen mRNA (26).
The HF677 was kindly given to us by Dr. F. Ramirez, Rutgers University Medical School, Piscataway, NJ. A sheep genomic DNA clone was used to measure elastin mRNA levels; this clone construct contains 1.3 kb genomic DNA insert in pUC9 and codes for the 3'-terminal portion of the elastin mRNA (23, 27) . The elastin clone was obtained from Dr. J. Davidson, University of Utah Medical School, Salt Lake City, UT. Dr. Richard Hynes, Massachusetts Institute of Technology, Cambridge, MA generously provided a cDNA clone ofrat fibronectin (27, 28) for analysis of fibronectin mRNAs. Finally, a full-length cDNA clone of chicken cytoplasmic fl-actin (29) (30) . All plasmid preparations were tested for the characteristics of the inserted DNA by digestion with appropriate restriction endonucleases and gel electrophoresis. For most Northern and dot blot analyses, intact supercoiled plasmid DNA was nick-translated and served as a probe; in some experiments, the inserted eukaryotic DNA was excised from the vector and nick-translated to increase the specific activity of the probe.
Results
Pathology. Consistent with previously published data (3, 5, 6) , the lungs of animals receiving intratracheal instillation of bleomycin underwent physiological and anatomical changes characteristic of interstitial pulmonary fibrosis. Examination oflung sections at various times after treatment revealed two partially superimposable, yet distinct, phases of fibrogenesis. The Fig. 1 , the rate of total protein synthesis in the bleomycintreated lungs from the fourth day onward peaked at 165% above the untreated controls around day 14. Although the pattern of collagenous protein synthesis, as measured by the rate of formation of radiolabeled 4-hydroxyproline in the lung explants (3) , resembled the pattern of total protein synthesis (Fig. 1) , there were significant quantitative differences. In contrast to total protein synthesis (less than twofold stimulation in treated lungs), the collagenous protein synthesis was stimulated nearly fivefold above the control levels (Fig. 1) (Fig. 2 A) (16) , and chicken cells (33) . The relative abundance of the two size classes and their apparent molecular weights differ in different species. The rat fibronectin cDNA plasmid identified a single mRNA species in hamster lung of -9.1 kb size (Fig. 2 B) . The sheep genomic clone of elastin also hybridized to a single mRNA of 4.1 kb in the hamster lung (Fig. 2 C) . Finally, the use ofchicken cDNA clone for cytoplasmic #l-actin identified a single mRNA of 2.1 kb in hamster (Fig. 2 D) . Our Profiles ofprocollagen al(I) elastin, fibronectin, and actin mRNA accumulation in bleomycin-treated hamster lungs. The relative amounts of specific mRNAs from hamsters at various times after bleomycin treatment were determined by dot blot hybridization using poly A' mRNA. In a preliminary experiment we analyzed the relative distribution of sequences coding for procollagen al(I), fibronectin, elastin, and fl-actin in the poly A' and poly A-fractions of the hamster lungs 0, 2, and 4 wk after bleomycin. Since there was no measureable change in the ratio of the various mRNAs in the two fractions (R. Raghow, unpublished observations), we believe that our measurements using poly A' mRNA accurately represent the overall mRNA metabolism of the fibrotic lung. Fig. 3 depicts one of the two dot blot hybridizations used to derive quantitative data in mRNA abundances shown in Fig. 4 . Densitometric scanning and direct scintillation counting of nitrocellulose representing an individual mRNA spot was used to determine quantitative changes in the relative mRNA abundances. As shown in Fig. 4 , the amount of procollagen a I(I) mRNA in the lungs of bleomycin-treated hamsters was higher than controls starting from very early times after treatment (7 d (Fig. 4) . (Fig. 4) were obtained by combining densitometry and direct scintillation counting.
The mRNA coding for elastin, another abundant extracellular matrix protein of the lung, also exhibited a pattern of increased accumulation analogous to procollagen a 1(I) mRNA in the lungs of bleomycin-treated animals (Fig. 4) . However, the extent of increase in the content of elastin mRNA of bleomycintreated lungs was much less; at the time of maximum accumulation (14 d), elastin mRNA showed about twofold increase, followed by a steady decline, reaching the level found in the untreated hamsters at 21 d posttreatment (Fig.-4) .
The temporal profile of fibronectin mRNA accumulation in bleomycin-treated hamster lungs was obtained by dot blot analysis using a rat fibronectin cDNA clone (26) . Bleomycin-treated lungs rapidly accumulated increased amounts of fibronectin mRNA (Fig. 4) ; after reaching a greater than fivefold increase above the untreated controls at day 7, the mRNA level steadily declined to approximately normal values in the third week (Fig. 4) .
Finally, to examine the sequential changes in the accumulation of overall cellular mRNAs, we determined the relative accumulation of actin mRNA. Our full-length f3-actin cDNA probe is very likely detecting the j3-actin, as well as y-actin mRNA sequences, since the coding sequences of these two mRNAs are highly conserved (29) . It was evident that the content of actin mRNAs varied only slightly between bleomycin-treated and untreated hamster lungs during the course of this experiment (Fig. 4) . Figure 4 . Quantification of individual mRNAs coding for extracellular matrix proteins in hamster lungs at various times after endotracheal administration of bleomycin. Equal amounts of poly A' mRNA from control or bleomycin-treated lungs was spotted in twofold serial dilutions and hybridized to nick-translated DNA probes as shown in Fig.  3 and described in Methods. Quantitation of mRNA abundance was done by two methods. Individual spots from the autoradiograph were scanned densitometrically and areas under the peaks were calculated. In addition, we measured radioactivity directly in different spots by scintillation spectrometry. The results are expressed as percent change in the mRNAs compared with untreated controls. *, Procollagen a I (I); x, fibronectin; A, elastin; and ., fl-actin.
DAYS AFTER BLEOMYCIN INSTILLATION
Rates of transcription ofproal(I), Jibronectin, elastin, and actin genes in bleomycin-treated hamster lungs. To evaluate whether the changes in the mRNA accumulation were mediated through increased transcription, we determined the rates of transcription of individual mRNAs in the nuclei from hamster lungs by runoff transcription assays. As expected, a virtual absence of hybridizable transcripts made in the presence of 80 ,4M a-amanitin suggested that all four of these genes were transcribed by RNA polymerase II (data not shown). As shown in Table I , both fibronectin and procollagen al(I) genes were transcribed at an enhanced rate (two-to fourfold) in the bleomycin-treated lungs in the first 2 wk. In all samples at day 35 (a time when the steady-state levels of mRNAs return to nearly control values; Fig. 4) , the rates of transcription of fibronectin and procollagen al(I) also returned to the control value. The rates oftranscription of elastin and 13-actin showed a small (30-70% above untreated controls), but reproducible, increase, which suggests measurable perturbations in the transcription of these genes (Table I) .
Discussion
Using recombinant DNA probes, we have investigated the pattern of accumulation of mRNAs coding for procollagen al(I), elastin, fibronectin, and f3-actin in hamster lungs after endotracheal administration of bleomycin. While the transcription of all three genes of extracellular matrix was found to be elevated after bleomycin treatment, there were significant quantitative and qualitative differences. (2, 7) . Thus, the profiles of procollagen mRNA accumulation are consistent with the changing cellular composition ofthe bleomycin-treated lungs.
The relationship between the temporal changes in the amount of mRNA coding for three representatives of extracellular matrix and the corresponding profiles ofthe putative polypeptide products remains incompletely resolved. This is mainly because there are no analogous data on the synthesis of the individual polypeptide products after the induction ofexperimental fibrosis. Even for collagens, the most extensively analyzed representative of the extracellular matrix, there is no information on the rate ofsynthesis of individual collagen polypeptides chains (see ref. 2 for extensive review). The increase in the rate of collagenous protein synthesis (fivefold) appeared to correspond with a change in the amount ofprocollagen a 1(I) mRNA (sevenfold). A similar increase was also obtained for procollagen a2(I) mRNA (our unpublished results), suggesting that the procollagen a1(I) and procollagen a2(I) genes are regulated coordinately. Clark et al. (3) have shown an increase in the intracellular proline pool size in bleomycin-treated hamster lungs. Since we did not correct for the changes in the intracellular pool size ofproline, the protein synthetic rates may be underestimated. Therefore, the correspondence between the rate ofcollagenous protein synthesis and the steady-state levels of mRNAs may be even better.
The pattern of accumulation of elastin mRNA closely corresponds to the pattern of elastin accumulation reported previously (2, 7, 9) . Based on several studies showing that the elastin synthesis in tissues is mainly regulated at the transcriptional level (2, 27) , we believe that the net accumulation of elastin observed during fibrosis (2, 7) is primarily due to increased rates ofelastin mRNA synthesis. However, in the absence of direct measurements of rates of elastin synthesis, this conclusion remains tentative.
The fibronectin mRNA accumulation peaked at day 7 and declined thereafter. It is interesting that the levels of fibronectin protein in the bronchoalveolar lavage (BAL) fluid of bleomycin treated lungs increased about threefold that of control around day 10 (our unpublished observations). However, in contrast to mRNA levels, the fibronectin levels in the BAL did not decline in the later times (Raghow, R., unpublished observations). Increased levels of fibronectin in the BAL fluid have been observed in patients with interstitial pulmonary fibrosis (15) . The apparent discordance between the levels of mRNA and protein suggests that posttranscriptional regulatory mechanisms may also be operative.
Finally, surprisingly while the overall protein synthesis showed an increase of about twofold, there was insignificant change in the accumulation of actin mRNA in the bleomycintreated lungs. It is difficult to explain why the level ofcytoplasmic actin mRNA did not strictly correspond with the pattern oftotal protein synthesis. Obviously, these observations need further verification by alternative approaches (i.e., in situ hybridization of various radiolabeled recombinant DNA probes) before final conclusions can be drawn.
The experimental observations from nuclear runoff transcription assays presented here strongly suggest that the overriding control ofextracellular matrix biosynthesis during bleomycininduced pulmonary fibrosis is exerted at the transcriptional level.
The precise nature ofthe stimuli that alter the rates oftranscription of genes of extracellular matrix preferentially remains to be elucidated. In this context, the possible role of various soluble mediator(s) (34) (35) (36) (37) capable of regulating the expressions ofgenes coding for extracellular matrix need to be investigated further.
Finally, a note of caution should be added to the above discussion. The data correlating the steady-state levels ofnumerous mRNAs and corresponding changes in the rates of their polypeptide products show clearly that the transcriptional control is the primary regulatory step in eukaryotic gene expression. However, several recent studies show convincing evidence for posttranscriptional controls (38) (39) (40) (41) . Therefore, although the steadystate levels of mRNAs for procollagen al(I), fibronectin, and elastin in bleomycin-treated lungs correlated well with perturbation in the transcriptional status of these genes, the biosynthetic rates of individual polypeptide species must be determined before the precise control mechanisms can be pinpointed.
